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26
Nearly all parts of the plant are now tractable to measure, but assessing the size of a plant 27 genome is still challenging. Although chromosome sizes can be measured under a microscope 28 perform an internal estimation of the genome size to infer an expected assembly size. Recently, 39 dedicated tools for the genome size estimation like GenomeScope [18] and findGSE [19] were 40 developed. Although the authors considered and addressed a plethora of issues with real data 41
[18], results from different sequencing data sets for the same species can vary. While some 42
proportion of this variation can be attributed to accession-specific differences as described e.g. 43
for A. thaliana [19, 20] , specific properties of a sequencing library might have an impact on the 44 estimated genome size. For example, high levels of bacterial or fungal contamination could bias 45 the result if not removed prior to the estimation process. Due to high accuracy requirements, k-46 mer-based approaches are usually restricted to high quality short reads and cannot be applied 47 to long reads of third generation sequencing technologies. The rapid development of long read 48 sequencing technologies enables high contiguity assemblies for almost any species and is 49 therefore becoming the standard for genome sequencing projects [21, 22] . Nevertheless, some 50 highly repetitive regions of plant genomes like nucleolus organizing region (NOR) and 51 centromeres remain usually unassembled [20, 23, 24] . Therefore, the genome size cannot be 52 inferred directly from the assembly size, but the assembly size can be considered a lower 53 boundary when estimating genome sizes. BUSCO is frequently applied to assess the completeness of a genome assembly, these files 114 might be already available to users. GFF files generated by BUSCO can be concatenated and 115 subjected to MGSE. As some BUSCOs might occur with more than one copy, MGSE provides 116 an option to reduce the predicted gene set to the actual single copy genes among all identified 117
BUSCOs. 118
BWA MEM v0.7 [54] was applied for the read mapping and MarkDuplicates (Picard tools v2.14) 119
[55] was used to filter out reads originating from PCR duplicates. Next, a previously described 120 values. findGSE predicted on average a substantially larger genome size. Final sample sizes 140 below six indicated that prediction processes failed e.g. due to insufficient read numbers. 141
The variation among the estimated genome sizes of Nd-1 was smaller than the variation 142 between the Col-0 samples (Fig. 1) . BUSCO-based estimations differed substantially between 143 mean and median with respect to the variation between samples (Fig. 1b) actually with a single copy in Ath-Nd1_v2 emerged as the best set of reference regions for 166
MGSE. 167
The relevance of very high assembly contiguity was assessed by comparing results of 168
AthNd-1_v1 (AdditionalFile3), which is based on short Illumina reads, to results of AthNd-1_v2 169 (AdditionalFile2), which is based on long Single Molecule Real Time sequencing (PacBio) 170 reads. The genome size predictions based on AthNd-1_v2 were substantially more accurate. 171
Reads are not mapped to the ends of contigs or scaffolds. This has only a minor influence on 172 large contigs, because a few small regions at the ends with lower coverage can be neglected. 173
However, the average coverage of smaller contigs might be biased as the relative contribution 174 of contig ends weights stronger. In addition, the representation of centrometric repeats and 175 transposable elements increases with higher assembly size and contiguity [24] . 176
The feasibility of MGSE was further demonstrated by estimating the genome sizes of 1,028 177 A. thaliana accessions (Fig. 2, AdditionalFile4) and findGSE to assess the applicability to larger and more complex genomes (Fig. 3,  201 AdditionalFile5). Different cultivars served as material source for the generation of the analyzed 202 read data sets. Therefore, minor differences in the true genome size are expected. Moreover, 203 were assembled and included in the reference sequence, the approach can handle such reads 261 without identifying them explicitly. This is achieved by discarding unmapped reads from the 262 genome size estimation. MGSE expects a high contiguity assembly and assumes all single copy 263 regions of the genome are resolved and all repeats are represented by at least one copy. 264
Although the amount of contamination reads is usually small, such reads are frequently 265 observed due to the high sensitivity of next generation sequencing [31, [61] [62] [63] [64] . 266
Reads originating from PCR duplicates could impact k-mer profiles and also predictions based 267 on these profiles if not filtered out. After reads are mapped to a reference sequence, read pairs 268 originating from PCR duplicates can be identified and removed based on identical start and end 269 positions as well as identical sequences. This results in the genome size prediction by GMSE 270
being independent of the library diversity. If the coverage is close to the read length or the 271 length of sequenced fragments, reads originating from PCR duplicates cannot be distinguished 272 from bona fide identical DNA fragments. Although MGSE results get more accurate with higher 273 coverage, after exceeding an optimal coverage the removal of apparent PCR duplicates could 274 become an issue. Thus, a substantially higher number of reads originating from PCR-free 275 libraries could be used if duplicate removal is omitted. Depending on the sequencing library 276 diversity completely skipping the PCR duplicate removal step might be an option for further 277 improvement. As long as these PCR duplicates are mapped equally across the genome, MGSE 278 can tolerate these artifacts. 279 proportion of coding sequence. Although a species specific codon usage can lead to some 293 variation, constraints of the genetic code determine a GC content of approximately 50% in 294 coding regions. The selection of a large set of reference regions with a GC content close to the 295 expected overall GC content of a genome would be ideal. However, the overall GC content is 296 unknown and cannot be inferred from the reads due to the above mentioned sequencing bias. 297
As a result, the average sequencing coverage could be overestimated leading to an 298 underestimation of the genome size. Future investigations are necessary to develop a 299 correction factor for this GC bias of reads. 300
Many plant genomes pose an additional challenge due to recent polyploidy or high 301 heterozygosity. Once high contiguity long read assemblies become available for these complex 302 genomes, a mapping based approach is feasible. As long as the different haplophases are 303 properly resolved, the assessment of coverage values should reveal a good estimation of the 304 genome size. Even the genomes of species which have recently undergone polyploidization 305 could be investigated with moderate adjustments to the workflow. Reference regions need to be 306 selected to reflect the degree of ploidy in their copy number. 307
The major issue when developing tools for the genome size prediction is the absence of a gold 308 standard. Since as of yet there is no completely sequenced plant genome, benchmarking with 309 real data cannot be perfect. As a result, how various estimation approaches will compare to the 310 first completely sequenced and assembled genome remains speculative. Although not 311 evaluated in this study, we envision that MGSE could be generally applied to all species and is 312 not restricted to plants. 
